1. Introduction {#sec1}
===============

Nitrogen oxides (NO*~x~*) are harmful air pollutants in industrial flue gases, including in flue gas generated from coal combustion. Nitrogen oxides are commonly removed and converted to nitrogen by selective catalytic reduction at high temperatures (300--400 °C)^[@ref1]^ with ammonia or similar reducing agents. A comprehensive review of NO*~x~* control strategies for coal-fired power plants is given by Srivastava.^[@ref2]^

The selective catalytic reduction process is a proven technology, but it requires a high temperature and has challenges associated with the use and handling of ammonia or other reducing chemicals. Another approach to NO*~x~* abatement is through the oxidation pathway, in which NO is oxidized to NO~2~ in the presence of a catalyst, after which the NO~2~ is removed by dissolution in water. The oxidation of NO to NO~2~ can be carried out at ambient temperatures because NO oxidation is more thermodynamically favorable at lower temperatures and NO~2~ is more stable at \<200 °C.^[@ref3]^ Additionally, unlike the selective catalytic reduction approach, the oxidation option requires no additional chemicals that could add to the overall process cost and create other operational and environmental issues.

Several catalysts, including precious metals and activated carbons (ACs), can effectively catalyze the oxidation of NO.^[@ref3],[@ref4]^ Nitric oxide oxidation by ACs with the suitable physicochemical characteristics is a cost-effective solution for NO*~x~* removal. In addition to oxidizing NO, AC catalysts can oxidize other pollutants to states that are more soluble in water and more easily removable, resulting in a multipollutant removal strategy. This includes conversion of SO~2~ to SO~3~ or elemental mercury to ionic mercury, which can be removed by dissolution in water.

A recent review article reported several studies that demonstrated effective oxidation of NO on active sites of AC catalysts or similar carbon materials.^[@ref4]^ Several studies of NO oxidation on carbon catalysts have been conducted under dry conditions at atmospheric pressure but at different temperatures and oxygen concentrations.^[@ref4]−[@ref13]^ These works investigated the impact of the physicochemical characteristics and operational conditions of the ACs (e.g., oxygen concentration and temperature) on NO oxidation. Among the physical properties, microporosity, particularly the volume of smaller micropores, was found to have a critical role in NO oxidation. This observation was based on the proposed mechanism that the reaction of NO with oxygen occurs in the small micropores on the carbon surface.^[@ref4],[@ref5],[@ref9],[@ref13]^ The catalytic activity of the AC materials for NO oxidation also depends on the availability and abundance of active catalytic sites, which in turn depend on the surface chemistry of the ACs. The introduction of nitrogen functionalities to the surface,^[@ref6],[@ref10],[@ref12]^ the doping of ACs with metal catalysts,^[@ref7]^ the deposition of carbon nanoparticles on the carbon surface,^[@ref7]^ and heat treatment of the ACs^[@ref14],[@ref15]^ have all been shown to substantially enhance the catalytic activity of ACs for NO oxidation.

Several other works conducted under different relative humidity conditions have demonstrated the negative impact of water vapor on NO oxidation at the temperature range of ambient to 125 °C.^[@ref14]−[@ref17]^ Mochida et al.^[@ref15]^ reported that the addition of moisture reduced NO conversion by a heat-treated AC fiber from 82% under dry conditions to 21% under 100% relative humidity. Other researchers have reported that because the adsorbed water molecules deactivate the catalytic sites, the presence of moisture, even at a 50% relative humidity level, can eliminate the catalytic activity of the tested ACs for NO oxidation.^[@ref17]^ Based on the data reported in these works,^[@ref15],[@ref17]^ heat treatment of the AC (i.e., by making the surface more hydrophobic by removing the surface oxygen functionalities) or enhancing surface hydrophobicity can make moisture less harmful to the catalytic activity of ACs for NO oxidation. For practical applications, the main question is whether superhydrophobic ACs (i.e., those with a water contact angle of ≥145°)^[@ref18]^ can catalyze NO oxidation in the presence of water. If this is the case, the NO*~x~* removal process could be achieved in a more effective manner by integrating the NO oxidation (gas--solid) and NO~2~ dissolution (gas--liquid) processes into a single three-phase system, such as a trickle-bed reactor. In this system, the NO~2~ resulting from NO oxidation on an AC catalyst is removed by a continuous flow of water that is injected on top of the AC catalyst bed. The feasibility of a trickle-bed reactor system for NO oxidation depends on the performance of the superhydrophobic ACs in the presence of liquid water. To the best of our knowledge, no previous reports on this process have been identified in the literature.

Nitric oxide oxidation can be substantially enhanced at pressures up to 15 bar;^[@ref19]^ however, noncatalytic NO oxidation may require a considerable time to achieve high conversion at this pressure. An AC catalyst could potentially improve the performance of high-pressure NO oxidation, but a data gap exists in the literature that could confirm its expected performance.

The work presented in this article includes an evaluation of several commercial ACs and two surface-modified ACs for NO oxidation, an assessment of the impact of pressure on NO oxidation, and a side-by-side comparison and analysis of NO oxidation by selected hydrophilic and superhydrophobic ACs and an inert packing material under dry and wet trickle-bed conditions. The impact of carbon characteristics, pressure, and the presence of water on NO oxidation is discussed, and the feasibility of using hydrophilic and superhydrophobic ACs for catalytic NO oxidation in a trickle-bed system is evaluated.

2. Experimental Section {#sec2}
=======================

2.1. Materials {#sec2.1}
--------------

The AC materials used in this work included four commercial and two modified ACs. The commercial ACs were (1) F400, a bituminous coal-based, microporous AC manufactured by Calgon Carbon (Pittsburgh, PA); (2) Nuchar, a wood-based mesoporous AC, previously obtained from MeadWestvaco (Richmond, VA); (3) GC, a coconut shell-based microporous AC; and (4) GC-S, which is GC impregnated with elemental sulfur. Both GC and GC-S were obtained from General Carbon (Paterson, NJ). The AC samples obtained were crushed and sieved, and particles with mesh sizes between 12 and 16 (1.68 and 1.19 mm) were collected, washed with deionized water, dried at 105 °C for 24 h, and stored in airtight containers.

Two modified ACs were also prepared from F400 in our laboratory. Activated carbon F400-N was prepared by introducing nitrogen functionalities onto the carbon surface through treatment with melamine, which was performed in a manner similar to the method of Bagreev et al.^[@ref20]^ The melamine treatment was conducted by stirring 2 g of F400 in 100 mL of an 80% ethanol solution containing 1.3% w/v melamine at room temperature for 5 h. The suspension was then boiled to obtain a dry solid, which was heated at a heating rate of 10 °C/min to 600 °C under nitrogen, held at this temperature for 50 min, and finally cooled under nitrogen to ambient temperature.

The superhydrophobic AC, F400-C~2~H~2~, was prepared by the deposition of pyrolytic carbon on F400 through acetylene pyrolysis at 500 °C. Two grams of the F400 sample was first heated under 500 cm^3^/min of argon at 900 °C for 1 h to remove the majority of the hydrophilic oxygen functionalities and to prepare the active sites for carbon deposition. The sample was then cooled to 500 °C, at which time argon was switched to 100 cm3/min of acetylene for 30 min and finally cooled to an ambient temperature under argon.

An inert packing material was also used in some experiments. A stainless steel (SS) distillation packing material was obtained from the Cannon Instrument Company (State College, PA). This packing material had a half-cylinder shape with equal lengths and diameters of 4.1 mm, thicknesses of 0.08 mm, and an external surface area of approximately 1890 m^2^/m^3^.

2.2. NO Oxidation {#sec2.2}
-----------------

The NO oxidation experiments were performed at the ambient temperature under dry or wet conditions by using AC catalysts. Baseline tests were also performed with an empty bed (i.e., without placing any material in the reactor). The majority of the experiments were performed at the ambient pressure; however, some experiments were also performed at elevated pressures. For the experiments conducted at atmospheric pressure, a fixed-bed glass tube reactor with a 1 cm internal diameter was used, and for the high-pressure experiments, a stainless steel 1 cm column was used. A back-pressure gas regulator was placed after the reactor to control the pressure in the high-pressure experiments. A gas flow rate of 50 standard cm3/min was used for both the dry and wet tests. The NO inlet concentration was 1000 ± 50 ppm (in nitrogen) in the presence of ∼4% oxygen. The AC catalyst mass was fixed at 0.5 g, corresponding to a bed height of 1.3--2.8 cm. For the SS inert material, a similar bed height was used that was equal to ∼2 g of the packing material. The treated gas mixture was analyzed for NO, NO~2~, and NO*~x~* with a chemiluminescence CLD 64S NO*~x~* analyzer (Eco Physics, Ann Arbor, MI).

Experiments were performed in the presence of water in the trickle-bed mode (i.e., water dripping from the catalyst bed), with a gas flow rate of 50 cm3/min and a water injection rate of 0.5 mL/min. The trickle-bed experiments were conducted under co-current conditions in which water was injected to the gas inlet at the top of the reactor and wash water was collected in a flask at the bottom of the column. For the selected experiments, the wash water was collected and titrated with 0.1 N NaOH to quantify the amount of dissolved acid.

2.3. Characterization of Carbon Catalysts {#sec2.3}
-----------------------------------------

The surface area and porosity of materials were characterized by nitrogen adsorption isotherms at 77 K at a relative pressure (*P*/*P*~0~) of 10^--3^ to 1 by using a Gemini VII instrument (Micromeritics, Norcross, GA). Samples were degassed in a vacuum for 2 h at 200 °C prior to nitrogen adsorption. The surface area was calculated from the linear range of the Brunauer--Emmett--Teller (BET) equation from a relative pressure of 0.03--0.3. The total pore volume was calculated from the adsorbed volume of nitrogen near the saturation point (*P*/*P*~0~ = 0.99). The micropore volume (volume of pores with a diameter of \<2 nm) was calculated from the Dubinin--Radushkevich equation in the *P*/*P*~0~ range of 0--0.1. The cumulative meso- and macropore volumes were estimated by subtracting the micropore volume from the total pore volume. This cumulative volume is mostly representative of the sample mesoporosity since the macropore volume (volume of pores with a diameter of \>50 nm) is negligible compared to the mesopore volume (volume of pores with a diameter of 2--50 nm).

Hydrophobicity was characterized by measuring the water contact angles of water droplets placed on the surface of finely ground samples. Image J software was used to process the digital photographs of water droplets on the samples.

3. Results and Discussion {#sec3}
=========================

3.1. Physicochemical Characteristics of the ACs {#sec3.1}
-----------------------------------------------

As outlined in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, among the four commercial ACs, Nuchar is a primarily mesoporous material with the highest specific surface area, ∼1600 m^2^/g, and a large micropore volume. GC, a microporous AC, has a surface area of ∼1000 m^2^/g and a total pore volume of 0.451 cm3/g with negligible mesoporosity. GC-S is the GC carbon impregnated with ∼13% elemental sulfur in the S~2~ form. Sulfur impregnation of the GC carbon (i.e., GC-S) results in a significant reduction of its surface area to 436 m^2^/g, mainly because the carbon micropores are obstructed by elemental sulfur. F400 has a surface area of ∼1100 m^2^/g and a total pore volume of 0.643 cm3/g and is ∼70% microporous. F400 and GC have similar surface areas and micropore volumes, but F400 has additional mesoporosity, whereas Nuchar has a substantially larger surface area and higher pore volumes. These three ACs are manufactured from different raw materials (i.e., F400 from coal, GC from coconut shells, and Nuchar from wood) and were prepared through physical activation by steam (F400 and GC) or chemical activation by phosphoric acid (Nuchar). Therefore, they are expected to have different surface chemistries.

###### Specific Surface Area, Pore Volume, and Water Contact Angle of the Activated Carbon Catalysts

  activated carbon   BET surface area (m^2^/g)   total pore volume (cm^3^/g)   micropore volume (cm^3^/g)   meso + macropore volume (cm^3^/g)   water contact angle (°)
  ------------------ --------------------------- ----------------------------- ---------------------------- ----------------------------------- -------------------------
  F400               1118                        0.643                         0.442                        0.201                               0
  GC                 1022                        0.451                         0.413                        0.038                               0
  GC-S               436                         0.253                         0.170                        0.083                               0
  Nuchar             1596                        1.248                         0.593                        0.655                               0
  F400-C~2~H~2~      689                         0.321                         0.279                        0.042                               145
  F400-N             420                         0.252                         0.170                        0.082                               0

F400-N was prepared by treatment of the F400 AC with melamine at 600 °C to attach nitrogen functionalities to the surface. The total nitrogen content of F400-N was not measured, but based on a nitrogen content of 18.4% reported for similar materials prepared by a similar method,^[@ref20]^ it was expected to be at a substantial level of \>10%. The introduction of nitrogen functionalities to the F400 surface by the melamine treatment resulted in a more than 60% reduction in the surface area and pore volume of the AC.

F400-C~2~H~2~, prepared by the deposition of pyrolytic carbon on the F400 surface, had an ∼40% less surface area and an ∼50% less total pore volume compared with its precursor. However, the deposited carbon had a greater impact on reducing the mesopore volume than the micropore volume. The micropore volume was reduced by only 37%, whereas the volume of larger pores was reduced by 80%. Coating the F400 AC with pyrolytic carbon resulted in a superhydrophobic surface, as indicated by the measured water contact angle of 145°, whereas the other AC materials were hydrophilic and exhibited complete wetting, with a water contact angle of 0° ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}).

The SS packing material had a relatively large external surface (i.e., 1890 m^2^/m^3^), but according to data from a surface area analysis (not included in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}), it had no measurable internal surface area or porosity.

3.2. NO Oxidation under Dry Conditions {#sec3.2}
--------------------------------------

The goal of this work was to perform a fundamental study looking at the catalytic and adsorptive properties of different activated carbons for NO oxidation and removal at the ambient temperature. These simplified conditions are much different from the real flue gas conditions that have different compositions and impurities and are at different pressures and temperatures. However, these conditions enable us to simplify a complex system to better understand NO oxidation.

Concentration profiles of NO, NO~2~, and NO*~x~* during NO oxidation by different ACs under dry conditions at ambient temperature and pressure are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a--c. The NO oxidation conversion percentage vs the time-on-stream can be also calculated from the NO concentration ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a) and is equal to 100 × ((1000 -- \[NO\])/1000). The difference between the NO inlet and NO*~x~* outlet concentrations at each given time was also calculated and is shown as the amount of NO*~x~* removed by adsorption ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d). The baseline test represents the test conducted under the same conditions by using an empty bed without any AC catalyst. The steady-state NO conversion rate, the cumulative amount of NO*~x~* adsorption (calculated from the integration of NO*~x~* adsorption profiles), and the time required to reach the maximum NO concentration or a sudden release of the adsorbed NO~2~ in the outlet stream were also obtained from the concentration profiles and are listed in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}.

![Concentration profiles of nitric oxides during NO oxidation by different activated carbons under dry testing conditions at ambient temperature and pressure. Catalyst mass = 0.5 g; total gas flow rate = 50 cc/min; inlet \[NO\] = 1000 ppm (in nitrogen); and \[O~2~\] = ∼4%. (a) NO, (b) NO~2~, (c) NO*~x~*, and (d) NO*~x~* removed by adsorption. The profile of NO*~x~* removed by adsorption was determined by subtracting the NO*~x~* outlet from the NO inlet at each given time. The NO oxidation conversion percentage vs the time-on-stream can be calculated from the NO concentration (a) and is equal to 100 × ((1000 -- \[NO\])/1000).](ao0c02891_0002){#fig1}

###### Summary of the Final NO Conversion, Total NO*~x~* Adsorption, and Other Quantities Obtained from the Profiles Shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}[a](#t2fn1){ref-type="table-fn"}

  activated carbon   micropore volume (cm^3^/g)   final NO conversion (%)   total NO*~x~* adsorbed[b](#t2fn2){ref-type="table-fn"} (mmol/g)   \[NO\]~max~ and sudden NO~2~ release time[c](#t2fn3){ref-type="table-fn"} (h)
  ------------------ ---------------------------- ------------------------- ----------------------------------------------------------------- -------------------------------------------------------------------------------
  F400-N             0.170                        81                        1.746                                                             6
  F400-C~2~H~2~      0.279                        79                        2.012                                                             6.5
  F400               0.442                        74                        2.138                                                             11
  Nuchar             0.593                        59                        2.404                                                             15.5
  GC                 0.413                        56                        1.998                                                             15.5
  GC-S               0.170                        47                        0.812                                                             5

Micropore volumes of activated carbons are included in the table for comparison.

Based on the integration of adsorbed NO*~x~* profiles over a 40 h testing period.

Approximate time for the NO concentration to reach its maximum value and for the sudden increase in the NO~2~ concentration to be observed.

The NO concentration profiles of different ACs showed continuous increases in the NO concentration until the maximum values were reached after 5--15.5 h of testing, and then a steady-state condition was approached after ∼12--30 h ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). In contrast, the measured concentration of NO~2~ in the outlet stream was negligible during the first hours of the experiments, and a substantial release of NO~2~ began after reaching the maximum values on the NO profiles ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). The adsorption profiles ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d) showed a high rate of NO*~x~* adsorption during the early hours of the experiments. This rate decreased almost exponentially as the testing progressed and finally approached zero by the late stage of experiments when the total NO*~x~* concentration in the output approached the NO input concentration of 1000 ppm ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c). The general trend of reaching maximum values in the NO concentration profiles and the delay in NO~2~ release is consistent with other reports.^[@ref5],[@ref9],[@ref16]^ As proposed by Mochida et al.,^[@ref5]^ NO~2~ generated from NO oxidation was initially adsorbed in the carbon micropores, reducing the available adsorption sites for NO and leading to a continuous increase in the NO concentration until a certain near-saturation condition was reached. At this point, the adsorbed NO~2~ was released and the NO concentration was reduced. The cumulative amount of NO*~x~* adsorbed during the 40 h period of the experiments with different ACs varied in a range of 0.8--2.4 mmol/g. The highest value was observed for Nuchar, with the largest micropore volume, and the lowest value was observed for GC-S, with the smallest micropore volume ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). A similar correlation was also observed for GC and F400, which had similar moderate micropore volumes of ∼0.4 cm^3^/g and exhibited a similar cumulative NO*~x~* adsorption of ∼2 mmol/g. For F400-N and F400-C~2~H~2~, the total NO*~x~* adsorption observed was much higher than expected, based on their relatively low micropore volumes. The enhanced adsorption of these modified ACs was likely due to their more favorable surface chemistry, which resulted in a higher affinity for NO*~x~* adsorption.

The baseline NO oxidation results showed an ∼10% NO conversion in the absence of a catalyst, whereas a conversion of 47--81% was observed when an AC catalyst was used ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). Among the tested commercial ACs, F400 showed a 74% conversion for NO oxidation, significantly higher than the 47--59% conversion observed for the other tested commercial ACs. The NO oxidation performance of F400 was increased to ∼80% by introducing nitrogen functionalities (F400-N) or coating the carbon surface with pyrolytic carbon (F400-C~2~H~2~). Other researchers reported NO conversion values of ∼20--90% for different virgin or modified carbon catalysts tested under the similar or different operational conditions (i.e., ∼400--1000 ppm NO, ∼4--5% oxygen, sorbent mass of 0.2--1.0 g, gas flow rate of 100 mL/min, near-ambient temperature, atmospheric pressure, and dry condition).^[@ref5],[@ref10],[@ref15]^

As stated previously, the catalytic activity of an AC for NO oxidation depends on a combination of its physical and chemical properties. However, the results shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} suggest that favorable surface chemistry had a dominant impact compared with the micropore volume under the experimental conditions used in this study. Activated carbons exhibiting the highest and lowest conversion rates (i.e., F400-N and GC-S) had the same micropore volumes. In contrast, F400-N and F400-C~2~H~2~ had lower micropore volumes than most of the other materials but exhibited the best performance for NO oxidation ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). It is likely that all of the tested ACs had sufficient micropore volumes to accommodate NO oxidation but that their overall catalytic activities were dominated by their more favorable surface chemistry or the availability of suitable catalytic sites. The superior performance of F400-N and F400-C~2~H~2~ is also consistent with reports indicating that nitrogen functionalization, carbon coating, or the development of a more hydrophobic surface can enhance the catalytic activity of ACs for NO oxidation.^[@ref6],[@ref7],[@ref15]^

3.3. NO Oxidation at an Elevated Pressure {#sec3.3}
-----------------------------------------

The impact of pressure on the catalytic NO oxidation was examined by comparing the NO oxidation profiles of F400 at atmospheric and elevated (i.e., 120 psig) pressures at ambient temperature and under dry conditions. To compare catalytic with noncatalytic NO oxidation in the absence of a catalyst, baseline tests were also conducted by using an empty bed or a bed filled with an inert SS packing material. Additional baseline tests with F400 at atmospheric or high pressure with 0% oxygen were also performed. The high-pressure tests were conducted for a short period of time (i.e., 2 h), mainly because of operational issues (such as fluctuation of gas flow rate and stability of mass flow controller) associated with conducting longer-duration high-pressure testing.

Concentration profiles of NO, NO~2~, NO*~x~*, and NO*~x~* adsorbed for the baseline F400 tests in the absence of oxygen at atmospheric or elevated pressure confirmed that no NO~2~ formation or considerable NO adsorption occurred even at an elevated pressure of 200 psig ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). Other researchers also reported no NO adsorption on AC catalysts in the absence of oxygen,^[@ref5]^ but the high-pressure result presented in this work suggests that NO could not be physisorbed on the AC surface, even at 200 psig, and also oxygen presence was essential to facilitate NO chemisorption on the chemisorbed oxygen sites.

![Concentration profiles of nitric oxides during NO oxidation by the F400 activated carbon under dry testing conditions at ambient temperature and atmospheric or elevated pressure in the absence (baseline) or presence of oxygen. Noncatalytic NO oxidation with an empty bed (or inert stainless steel packing) is included for comparison. Catalyst mass = 0.5 g; total gas flow rate = 50 cc/min; and inlet \[NO\] = 1000 ppm (in nitrogen). (a) NO, (b) NO~2~, (c) NO*~x~*, and (d) NO*~x~* removed by adsorption. The profile of NO*~x~* removed by adsorption was determined by subtracting the NO*~x~* outlet from the NO inlet at each given time. The NO oxidation conversion percentage vs the time-on-stream can be calculated from the NO concentration (a) and is equal to 100 × ((1000 -- \[NO\])/1000).](ao0c02891_0003){#fig2}

Noncatalytic NO oxidation (empty bed) at atmospheric pressure in the presence of oxygen resulted in an ∼10% conversion, whereas increasing the pressure to 217 psig substantially increased NO conversion to 62%. The reaction of NO with oxygen results in the generation of 1 mol of the NO~2~ product from 1.5 mol of the reactant (i.e., NO + 1/2O~2~ → NO~2~); therefore, based on Le Chatelier's principle, an increase in pressure is expected to increase the oxidation of NO.

The catalytic conversion of NO by F400 at atmospheric pressure was 74%, but a near-complete conversion could be achieved by increasing the pressure to 120 psig, as the NO concentration profile for F400 at 120 psig approaches zero after ∼1 h ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). The NO and NO*~x~* profiles show a near-complete NO conversion at elevated pressure, in which about 94% of NO~2~ is removed by adsorption into the carbon pores. These results demonstrate that under dry conditions, a near-complete NO conversion at ambient temperature can be achieved by using a carbon catalyst at a moderate pressure. The complete NO conversion is likely due to the contribution of both catalytic oxidation and noncatalytic high-pressure oxidation.

3.4. NO Oxidation under Dry and Wet Trickle-Bed Conditions {#sec3.4}
----------------------------------------------------------

A side-by-side comparison of NO, NO~2~, and NO*~x~* profiles for NO oxidation by F400, F400-C~2~H~2~, and an inert SS packing material under dry and wet trickle-bed conditions at ambient pressure and temperature is shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. The inert SS packing material had no catalytic reactivity and was expected to exhibit a noncatalytic conversion rate of ∼10%, whereas steady-state conversion rates of 74% for F400 and 79% for F400-C~2~H~2~ were observed for their catalytic NO oxidation runs under dry conditions ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a shows a noncatalytic conversion rate of ∼55% with a continuous flow of water on the SS packing material in the trickle-bed configuration. The SS packing material, because of its high external surface, which created a high gas--liquid contact surface, could substantially enhance NO~2~ dissolution in water. Unlike NO, which had a low solubility of \<1 mg/L in water,^[@ref21]^ NO~2~ was highly soluble in water^[@ref22]^ and reacted with water to produce nitrous and nitric acids. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b also confirms the low NO~2~ concentration in the gas phase for all of the trickle-bed experiments. According to Le Chatelier's principle, the continuous removal of NO~2~ from the gas phase by dissolution in the water stream can force the NO oxidation reaction to proceed, resulting in a higher NO oxidation conversion.

![Concentration profiles of nitric oxides during NO oxidation by the activated carbons F400 and F400-C~2~H~2~ under dry and wet trickle-bed testing conditions at ambient temperature and pressure. Results for the inert stainless steel packing material (SS) are included for comparison. Catalyst mass = 0.5 g; total gas flow rate = 50 cc/min; inlet \[NO\] = 1000 ppm (in nitrogen); and water injection rate = 0.5 mL/min. (a) NO, (b) NO~2~, (c) NO*~x~*, and (d) NO*~x~* removed by adsorption onto activated carbon or dissolution. The profile of NO*~x~* removed by adsorption or dissolution in water was determined by subtracting the NO*~x~* outlet from the NO inlet at each given time. The NO oxidation conversion percentage vs the time-on-stream can be calculated from the NO concentration (a) and is equal to 100 × ((1000 -- \[NO\])/1000).](ao0c02891_0004){#fig3}

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a shows the initial conversion rates of 49% for F400 and 54% for F400-C~2~H~2~ at ∼7 h, each decreasing by ∼12--14% by the end of the trickle-bed experiments. These rates are considerably lower than the average conversion rate of ∼55% for the SS packing material. Furthermore, the wet conversion rates of these ACs are substantially lower than the rates under dry conditions. These observations can be further analyzed in the light of two important factors, namely, the external surface of the materials for enhancing the gas--liquid contact surface (which increases the NO~2~ dissolution rate) and the detrimental effect of water vapor and liquid water on the catalytic activity of ACs for NO oxidation.

The external surface of the AC materials was estimated at 2091 m^2^/m3, based on their average particle diameter of 0.1435 cm, their approximation of spherical geometry, and a void volume of ∼0.5. This value is similar to the external surface of 1890 m^2^/m3 for the SS packing material. The external surface of the SS packing material was expected to be almost completely available for gas--liquid mass transfer for dissolution of NO~2~ in the water film. However, because of the small particle sizes of the ACs and a water tension effect, some interparticle voids might have been filled with water, and the theoretical external surface of the AC particles might not have been fully available for the formation of liquid water films on the particles. Therefore, a lower external surface for NO~2~ dissolution was available for the ACs compared with that of the SS packing material. The hydrophobicity of the ACs was also expected to affect the available surface for gas--liquid mass transfer. The F400 could be completely wetted with water, but the F400-C~2~H~2~ had a superhydrophobic surface and repelled liquid water. Therefore, in the trickle-bed system, the water stream was expected to be forced through the voids in the F400-C~2~H~2~ bed without wetting the individual particles.

As described briefly above, different researchers have reported that water vapor has a detrimental effect on NO oxidation, resulting in a significant reduction or even complete elimination of the catalytic activity of ACs owing to the adsorbed water molecules deactivating the catalytic sites.^[@ref14]−[@ref17]^ Previous studies have been conducted in the gas phase with the addition of water vapor at different relative humidity levels; however, the trickle-bed testing condition in this work provided a gas phase that was saturated with water vapor in addition to a liquid water stream that continuously dissolved and removed the NO~2~ product from NO oxidation. The liquid water fully wet the hydrophilic F400 AC, but the superhydrophobic F400-C~2~H~2~, which was not wetted with water, was exposed only to the water vapor. It is likely that by wetting the F400 AC, the catalytic activity of F400 was eliminated and that the mechanism for NO*~x~* removal was based on noncatalytic NO oxidation and dissolution of the NO~2~ product in water. For the superhydrophobic F400-C~2~H~2~, the catalytic activity appeared to be significantly reduced by the presence of water vapor, and NO*~x~* removal was controlled by the diminished catalytic NO oxidation of AC, noncatalytic NO oxidation, and NO~2~ dissolution in water.

The NO*~x~* concentration in the outlet gas for the trickle-bed experiments was substantially lower than the inlet NO concentration of 1000 ppm ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c), which was primarily due to the removal of NO~2~ by dissolution in water or by adsorption onto the AC ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d). After the trickle-bed experiments with ACs, the wash water was collected and titrated with 0.1 N NaOH. A mass balance was performed based on the cumulative amount of the NO gas input during the experiments, the quantity of dissolved NO~2~ measured by acid titration, and the cumulative amount of NO*~x~* measured in the outlet gas ([Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}). The cumulative amount of NO*~x~* in the outlet stream was estimated based on the integration of NO*~x~* concentration profiles shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c. For F400, an interpolation was performed for the initial portion of the data that was not available because of measurement issues during that period.

###### Mass Balance of the Total NO Input and NO*~x~* Output during Trickle-Bed Experiments with Activated Carbons[a](#t3fn1){ref-type="table-fn"}

  activated carbon   total NO input (mmol)   NO~2~ dissolved in water (mmol)   total NO*~x~* output in the gas phase (mmol)   NO*~x~* adsorbed (mmol)   NO*~x~* adsorbed (%)
  ------------------ ----------------------- --------------------------------- ---------------------------------------------- ------------------------- ----------------------
  F400               9.286                   3.542                             5.994                                          --0.250                   --2.7
  F400-C~2~H~2~      5.671                   1.151                             3.100                                          1.420                     25.0

The mass balance was performed for the total time of the experiments (74.5 h for F400 and 45.5 h for F400-C~2~H~2~).

The amount unaccounted for NO*~x~* for the F400 test was about −3%, suggesting no adsorption onto the F400 AC. For F400-C~2~H~2~, the sum of the total NO*~x~* output in the gas phase and the NO~2~ dissolved in water was ∼25% less than the total NO input ([Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}). The mass balance results suggest that F400-C~2~H~2~ catalysts adsorbed a significant amount of NO*~x~*, whereas almost no adsorption occurred on the F400 AC surface. This might be explained by the wettability of these materials, whereby F400-C~2~H~2~ could not be wetted by the injected water and NO~2~ in the gas phase had access to the carbon surface and could be adsorbed and accumulate in the carbon pores. However, F400 was completely wetted with a water film, which prevented direct access of gas-phase NO~2~ to the carbon pores. The injected water stream continuously dissolved and removed NO~2~ from the gas phase.

Overall, a high-surface-area packing material appeared to be a more suitable option than ACs for NO oxidation in a wet trickle-bed system, even if the ACs showed high catalytic reactivities under dry conditions. Complete wetting of hydrophilic F400 or the presence of water vapor for the superhydrophobic F400-C~2~H~2~ eliminated or drastically reduced the catalytic activity of ACs.

4. Conclusions {#sec4}
==============

The goal of this work was to perform a fundamental study about the catalytic and adsorptive properties of different ACs for NO oxidation and removal at the ambient temperature. The work presented in this article includes an evaluation of several commercial ACs and two-surface-modified ACs for NO oxidation, an assessment of the impact of pressure on NO oxidation, and a side-by-side comparison and analysis of NO oxidation by selected hydrophilic and superhydrophobic ACs and an inert packing material under dry and wet trickle-bed conditions.

Nitric oxide concentration profiles from the catalytic oxidation experiments under dry conditions showed that maximum values were reached after 5--15.5 h of testing and a steady-state condition was achieved after ∼12--30 h, whereas a substantial release of NO~2~ began after reaching the maximum values in the NO concentration profiles. Results indicate that introducing nitrogen functionalities or coating the carbon surface with pyrolytic carbon can enhance the catalytic activity of AC for NO oxidation. The cumulative amount of adsorbed NO*~x~* during the NO oxidation experiments was quantified as being in a range of 0.8--2.4 mmol/g, which depended on the total micropore volume and surface chemistry of the ACs.

The noncatalytic NO oxidation at atmospheric pressure in the presence of oxygen resulted in an ∼10% conversion, whereas increasing the pressure to 217 psig substantially increased the NO conversion to 62%. In comparison, the catalytic conversion of NO by the F400 AC at atmospheric pressure under dry condition was 74%, but a near-complete conversion was achieved by increasing the pressure to 120 psig.

A side-by-side comparison of the results from F400, F400-C~2~H~2~, and an inert SS packing material for NO oxidation under dry and wet trickle-bed conditions at ambient pressure and temperature showed that the packing material was a more suitable option than ACs for NO oxidation in a wet trickle-bed system, even for the ACs that exhibited high catalytic reactivity under dry conditions. Noncatalytic NO oxidation in a trickle-bed system was enhanced through a higher gas--liquid contact surface of the packing material for NO~2~ dissolution in water. Complete wetting of the hydrophilic AC or the presence of water vapor in the gas in contact with the surface of the superhydrophobic AC resulted in a drastic reduction or elimination of the NO oxidation capability of the AC. Overall, a packing material with a high external surface area appears to be a more suitable option than ACs for NO oxidation in a wet trickle-bed system, even if the ACs show high catalytic reactivity under dry conditions.

The simplified conditions assumed in this work are much different from the real flue gas conditions that have different compositions and impurities and are at different pressures and temperatures. However, these conditions enable us to simplify a complex system to better understand NO oxidation. A coal-derived flue gas is a complex gas mixture, containing numerous species as well as great variability due to the many different coals that are burned, and the various power plant configurations employed.^[@ref23]^ As an example, the following composition for an untreated flue gas from burning a low-sulfur bituminous coal has been reported: 15--16% CO~2~; 5--7% H~2~O; 3--4% O~2~; 100 ppm HCl; 800 ppm SO~2~; 10 ppm SO~3~; 500 ppm NO*~x~*; 20 ppm CO; 10 ppm hydrocarbons; 1 ppb Hg; fine particulates as fly ash; and N~2~.^[@ref24]^ Future work can include the examination of the impacts of some of the acid gases such as HCl, SO~2~, and SO~3~ upon both the homogeneous and heterogeneous oxidations of NO.
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